Thin sections of stationary-phase Streptococcus lactis cells showed that the wall and membrane are 20 and 7 nm thick, respectively. Whole cells were examined by negative staining with ammonium molybdate and by shadowing. On air-drying of whole cells, the membrane pulled away from the wall revealing adhesions between these organelles. Adhesions could not be seen after subculture of the stationary-phase cells into complex media or into solutions containing glucose, KCI, and CaCl2 in tris(hydroxymethyl)aminomethane buffer. The adhesions were also observed in stationary-phase cells of other gram-positive bacteria. Fractured freeze-etched cells of S. lactis had a smooth outside surface, but the inside of the wall (or outside of the membrane) had a regular structure, repeating at 10 nm, which could correspond to the adhesions observed in the negatively stained air-dried cells. Freeze-etching also revealed holes in the outside wall which had the shape of inverted truncated cones. The outside diameter of the cone was 60 nm, and the diameter on the inside surface of the wall was 20 nm. The membrane had upstanding plugs, 20 nm in diameter, which could fill the holes in the wall.
Thin sections of stationary-phase Streptococcus lactis cells showed that the wall and membrane are 20 and 7 nm thick, respectively. Whole cells were examined by negative staining with ammonium molybdate and by shadowing. On air-drying of whole cells, the membrane pulled away from the wall revealing adhesions between these organelles. Adhesions could not be seen after subculture of the stationary-phase cells into complex media or into solutions containing glucose, KCI, and CaCl2 in tris(hydroxymethyl)aminomethane buffer. The adhesions were also observed in stationary-phase cells of other gram-positive bacteria. Fractured freeze-etched cells of S. lactis had a smooth outside surface, but the inside of the wall (or outside of the membrane) had a regular structure, repeating at 10 nm, which could correspond to the adhesions observed in the negatively stained air-dried cells. Freeze-etching also revealed holes in the outside wall which had the shape of inverted truncated cones. The outside diameter of the cone was 60 nm, and the diameter on the inside surface of the wall was 20 nm. The membrane had upstanding plugs, 20 nm in diameter, which could fill the holes in the wall.
Streptococcus lactis was used to investigate the biochemical events which occur when new growth is initiated on subculture. We found that one of the early events was the apparent disappearance of the basic protein antibiotic nisin (5) . The disappearance of antibiotic activity seemed to be connected with the uptake of calcium (6, 8) . These and other biochemical events altered the optical properties of suspensions of S. lactis. A fall in the absorbancy at 600 nm was first observed in complex media, and later this could be reproduced in tris(hydroxymethyl)aminomethane (Tris) buffer containing glucose and K+; Ca++ instead of K+ caused the absorbancy to increase, whereas Ca++ and K+ after a short delay had the effect of K+ alone (7) . These optical changes probably resulted from changes in the structure of the membrane, since changes in size and density of the organism could not be demonstrated (7) . In this paper, we describe electron microscopic observations which support our previous studies and show that the structure and permeability properties of the cells alter before growth commences. These changes were observed in complex media and in solutions of Tris buffer containing glucose plus K+ plus Ca++. In addition, we describe points of attachment of the membrane to the wall which we observed in many grampositive bacteria. Using a freeze-etching technique, we confirmed these points of attachment. The freeze-etching technique is now beginning to be applied to structural problems in bacteria (12) , although it has been extensively used in other investigations (see reference 10). Use of this technique also revealed "holes" in the wall of S. lactis.
MATERIALS AND METHODS
Media, culture conditions, and organisms. Two previously described media (medium 22 and LTB) were used for growing the bacteria (5 In addition, whole bacteria were examined by shadowing; thin sections were prepared by the method of Hamilton and Stubbs (4).
Freeze-etching. A Polaron/MRC apparatus was used for this technique, first described by Steere (15) , and which briefly consisted of making a thick cell suspension in a 20% (v/v) glycerol-water mixture, placing a small drop of this on the copper cap of the freeze-etching machine, and plunging this quickly into liquid Freon at approximately -150 C. The cap and specimen were then transferred into the high-vacuum chamber which was evacuated to 3 X 10-6 torr. The specimen was fractured with a liquid nitrogen-cooled knife and then its temperature was raised to -100 C for 1 min. At this temperature, the surface water sublimes leaving the cell structure to be displayed by the subsequent carbon-platinum shadowing. This formed a replica of the exposed surface, and the cells were subsequently dissolved away with hot nitric acid.
Preparation of isolated walls. Walls were made from stationary-phase cells as described by White and Hurst (16) .
RESULTS AND DISCUSSION Ammonium-molybdate staining of S. lactis. Figure 1 shows the appearance of stationaryphase cells of S. lactis. Cell wall, membrane, and apparent septa are clearly visible. Extending from the membrane towards the wall are fingerlike extensions of the membrane. These extensions are closed at the end nearest the wall and appear to be continuous; however, in some preparations these structures are mostly separate. In Fig. 1 , the distance between the membrane and the wall is about 150 nm (measured from the dark continuous layer). However, thin sections of the organism showed a wall-membrane distance of only 17 nm (Fig. 2 ). This suggests that on air-drying the membrane pulls away from the wall. Shadowing at an angle of 30 C showed that air-dried cells have a "fried-egg" shape with a wide, thin outer edge and a thick middle (Fig. 3 ). This finding supports the notion that on air-drying the membrane retracts from the peripheral layers of the Fio. 1. Whole cell of stationary-phase S. lactis. Stationary-phase cells were obtainedfrom overnight cultures in a yeast and meat extract, tryptone-glucose broth (LTB medium; reference 5), and were negatively stained with ammonium molybdate. cell towards the middle. The fingerlike structures are most easily explained by assuming that they represent points of attachment of the membrane to the wall (adhesions). As the elastic membrane retracts from the more rigid wall, the adhesions become apparent. That these structures are not artifacts is borne out by the fact that they can be seen only in cells in which other organelles, i.e., septa or mesosomes, can also be discerned; if the cell is too heavily or too lightly stained no organelles can be seen.
Morphological changes in S. lactis after subculture. Figure 4 is a photomicrograph of S. lactis exactly comparable to Fig. 1 in the preparation of the cell suspension and in the staining method. However, the organisms in Fig. 4 had been in glucose tryptone broth for 4 min when the reaction was terminated by chilling to 0 C. Apparently, all of the structure had been lost and the cell appears as an undifferentiated black mass. This appearance must be attributed to greatly enhanced permeability of the cells to ammonium molybdate. Some adhesions could again be seen in cells which had reached late exponential phase. Figure 5 is a photomicrograph of cells suspended for 2 min in Tris-glucose buffer containing K+ (see the legend to Fig. 5 for composition of the reaction mixture). The wall and the membrane are clearly defined. Some adhesions remained normal to the circumference of the cell, but the majority appeared to form double-layered "string of pearl" structures (14) lying parallel to the membrane. These cells also stain darkly with ammonium molybdate, suggesting that K+ affected membrane permeability and structure without affecting the wall.
Cells suspended for 2 min in Tris-glucose buffer containing Ca++ resembled, in many respects, the K+-treated cells in that they tended to be black and the adhesions were parallel to the membrane. The striking difference between the K+-and Ca++-treated cells was in the appearance of the periplasmic area which in Ca++-treated cells was bright and completely unstained. This result suggests that Ca++ affected both the membrane permeability and the wall structure. That these effects were not artifacts and were due to the cations used was shown by the fact that Tris alone or Tris-glucose without cation did not affect the morphology of the cell.
Thus, neither K+ nor Ca++, when used singly in the Tris-glucose buffer, produced cells which exactly resembled those in Fig. 4 each at 50 mM), the appearance of the cells in Fig. 4 could be reproduced. These cells may be described as permeable and turgid (Fig. 4) , compared to stationary-phase cells which on airdrying have adhesions (less turgid) and are less dark and less permeable (Fig. 1) . This supports our earlier view (7) Figure 6 is a photomicrograph of L. lactis in which a mesosome forms part of the outer layer of the membrane. Figure 7 shows B. cereus, with flagellae, upright adhesions, adhesions lying parallel with the membrane, and a large mesosome. Figure 8 shows B. subtilis, with brick-shaped adhesive structures. These results indicate that many different species of bacteria have the membrane-wall attachments originally observed in S. lactis.
Structures of S. lactis appraised by the freezeetching technique. Figure 9 is a low-magnification photomicrograph of the replica of freeze-etched S. lactis. The whole cell "A" shows the external appearance of the cell wall and is relatively smooth. (The smooth appearance of the outside of S. lactis is confirmed by shadowing in Fig. 3 .) Figure 10 shows the same surface of another cell at higher magnification. What is usually taken to be a septum appears in the freeze-etched preparations as a deeply equatorial groove. In Fig. 9 , "C" represents the interior of a cell with a smooth-surfaced structure (mesosome?) at one end of the cell. The interior of cells on the point division (Fig. 9, "D" ) seldom showed an internal septum corresponding to the outside constriction; In Fig. 9 , "B" represents either the outer membrane surface or the inner surface of the wall; with the techniques used in this study, it is impossible to distinguish between these structures. Figure 11 is a high-magnification view of this surface. An almost regular "zig-zag" substructure arrangement is apparent; this arrangement could represent the points of attachment of the membrane to the wall and could be the origin of the adhesions seen in air-dried bacteria (Fig. 1, 6 pret to be a membrane surface, ha upstanding structures, of about th sions as the "holes" in the wall it could fit. Figure 12 is based on the, and is a diagrammatic representati the surface layers of S. lactis. The as 20 nm thick and the membrane thick. At irregular intervals, 20-ni wall are blocked by conical protru membrane. At about 10-nm inter brane is attached to the inner surfi Isolated walls of S. lactis. We ported the composition of stationa of S. lactis (16) . Figure 13 shows of a shadowed wall preparation; str is large conical be discerned in this preparation. However, after ie same dimen-trypsin digestion to remove most of the protein nto which they and hot formamide extraction to remove a se observations rhamnose-rich polysaccharide, a residual wall ion of some of "ghost" is left. It retains the original shape of the wall is shown cell and is composed mostly of peptidoglycan, but as about 7 nm structures become apparent which have the apm holes in the proximate dimensions of the holes (Fig. 14) . isions from the They appear as globules, 75 nm in diameter, and vals, the mem-could represent collapsed holes.
ice of the wall. The concept of a limiting pore size which a previously re-molecule cannot quite enter has been introduced try-phase walls into polyacrylamide gel electrophoresis (9) . Asthe appearance suming molecules to be spherical, the relationship uctures cannot between the molecular weight (MW) and the radius of the molecule in nanometers is given by Fig. 13 ; however, after the NaCI washing, the walls were further purified by trypsin digestion and formamide extraction and were finally washed with distilled water (16) . brane (periplasmic space). Rogers (13) recently showed that, in E. coli, osmotic pools exist in the periplasmic space. Warm water removed proteins but the presence of divalent cations blocked the removal. It is also interesting to note that Oram and Reiter, working with S. lactis, isolated a phage which absorbs directly to the membrane (11) . Their result is most easily explained by assuming that parts of the membrane are in direct contact with the outside; this is quite compatible with the notion of "holes" in the wall.
